INTRODUCTION

Nowadays industrial processes are largely based on electronic devices such as programmable logic controllers and adjustable speed drives. Consequently, industrial equipments became less tolerant towards power supply disturbances. Voltage dips due to faults are surely among the worst disturbances for industrial equipments. A paper machine can be affected by disturbances of only 10% voltage drop lasting for 100 ms. A voltage dip of 75% (of the nominal voltage) with a duration shorter than 100 ms results in material loss in the range of thousands of US Dollars for semiconductors industry
. [2] . The [5] . Unlike the CPD, the FDD can be employed in order to improve power quality in active and passive distribution networks. FDD general architecture is shown in Fig. 1 that is referred to one phase of a distribution system. The device is installed between the transformation station and the loads. The principle of operation of the device is based on the parallel resonant. A three-phase capacitors bank is installed at the secondary bars of a transformation station. Three inductors (one for each phase) are placed at the beginning of each feeder supplied by the substation. The series connected inductors and the capacitors are designed in order to realize the parallel resonance to fundamental frequency. Under normal conditions (that is until the control does not detect a current value over a threshold limit), FDD does not affect load operation. Actually, the static devices couples, back to back connected, are fired in order to short-cut the inductors, while those in series with capacitors are turned off. If a three-phase short-circuit occurs on a feeder supplied by the substation, the control will insert the FDD, turning off all the static devices on the faulted line and turning on those in series with capacitors. The studies carried out until now have shown that the insertion of the FDD produces an operation condition close to parallel resonance, decoupling the faulty line from the rest part of the system and bringing the following benefits:
The high costs associated with these disturbances explain the increasing interest towards voltage dip mitigation techniques. The different mitigation methods comprehend both interventions on the power system (reducing the number of faults, reducing the fault clearing time, improving system design) and the use of mitigation devices such as static Transfer Switch (STS), Dynamic Voltage Restorer (DVR) and Uninterruptible Power Supply (UPS)
• the reduction of the short-circuit current on the faulty line;
• the decrease of the short-circuit current supplied by DG units, especially of the type synchronous, directly connected to the distribution system;
• the mitigation of the voltage dip at the secondary bars due to three-phase faults or to motor starting [6] - [7] . In [8] a detailed analytical study on FDD operation has been carried out. It has been shown that in case of tree-phase faults the performances of the device strictly depend on the reactance inserted, X LC , and on the impedance Z lg , that is the sum of the impedance of the faulted line (from the point of common coupling until the point of the fault) and of the fault impedance. It has been noted that for small Z lg values FDD insertion causes a considerable reduction of the fault current fed by the supply. The greatest reductions can be achieved for 0.4
In order to give a clear idea of FDD performances in terms of bars voltage increasing, it has been introduced a factor, called Voltage Raising Factor (VRF), given by the ratio: It must be pointed out that FDD insertion produces a considerable raising of the bars voltage. It can be noted that the smaller is the value of I sc , the greater is the contribution of the device in order to increase the voltage. Moreover, as lower is the impedance Z lg as bigger is VRF. It is possible to point out that FDD performances, both in terms of reduction of the fault current and in terms of increasing of the bars voltage, are as better as smaller is the value of the impedance Z lg and as close as possible is the operation of inductors and capacitors to the ideal one, that is for those conditions for which the system is near to the parallel resonance operation. On the other hand, faults with low Z lg are those closely to the transformation station and/or those with low fault impedance, so that the device gives its major contribution when the worst fault conditions occur.
FDD OPERATION IN CASE OF UNBALANCED FAULTS
Even if a voltage drop in three phases is typically much more severe for equipments, most of the faults on distribution systems are unbalanced faults, in particular single-phase faults.
So it seems opportune to investigate the operation of the FDD for these types of faults too. To this aim, the network reported in Fig. 3 has been simulated by means of the Matlab. It consists of a MV 20 kV line that feeds a MV/LV substation, where a 400 kVA transformer supplies three feeders, whose characteristics are described in TABLE 1. The short-circuit current at the secondary substation bars is equal to 10 kA. In the network it has been introduced a FDD whose capacitors and inductors reactance X LC is equal to 1 Ω. In case of unbalanced faults, that is single-phase, two-phase, two-phase to neutral faults, only those inductors and capacitors relating the faulted phases will be inserted, while on the healthy phases the static devices will continue to be fired like under normal conditions. Single-phase to neutral, two-phase, two-phase to neutral faults have been simulated at t = 0.18 in two different point of the network: at C1, the nearest node, and at B4, the farthest one. In case of single-phase faults, phase 1 has been assumed as faulted phase, instead it has been supposed for two-phase faults that they occur between phase 1 and 2. For each fault a zero fault impedance has also been assumed. FDD insertion has been supposed at t=0.19 s. It must be pointed out that the time of intervention of the device closely depends on the static devices employed. 
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Assuming to employ SCR, the longest intervention time is equal to 10 ms. The results obtained in presence and in absence of the FDD are summarized in TABLES 2 and 3, respectively. For each phase the voltages at the substation bars are expressed in p.u. of the rated value, while the currents delivered by the transformer are reported in p.u. of the load current. From the data of the TABLES 2 and 3, it can be noted that the device can successfully be employed in order to mitigate the occurrence of unbalanced voltage dips. Actually, soon after FDD insertion the voltage of the faulted phases rise up to the rated value. This is more evident from the Fig. 4 which shows the voltage in case of a single-phase fault at the C1 node. The use of the FDD allows of mitigating voltage dips of about the 50% of the nominal voltage in a very short time and to reduce the unbalancing that occurs in case of unbalanced faults as well.
It is important to note the great reduction of the short-circuit current that can be obtained. For instance, in case of twophase to ground fault at C1 node the current decreases from 15.8 p.u. to 0.63 p.u.. It appears quite clear that the fault is almost completely decoupled from the rest part of the system. In presence of the FDD the substation has to supply only the loads relating to healthy feeders and phases. In order to show better this effect, the current supplied by the transformer for the same case previously mentioned is reported in Fig. 5 . 
FDD OPERATION IN CASE OF MULTIPLE FAULTS
To give a comprehensive description of the FDD capability of mitigating voltage dips, a series of double, balanced and/or unbalanced, faults have also been simulated in the same distribution system previously considered. In case of a double fault, which occurs in two different feeders, the control will provide to insert, for each feeder, the inductors relating the faulted phases. Besides, in these new operation conditions, the reactance of the capacitors shall be equal to the sum of the reactance of the inductors inserted for each phase. Double faults of the same type, that is double single-phase to neutral, double two-phase and double three-phase. For each type, the points where the faults occur have been changed, according to the data reported in TABLES 4 and 5, which show for all the cases considered the results obtained without and with the FDD respectively. The results have been carried out under the same assumptions done in the previous sections. Obviously, more severe operation conditions occur for double faults in comparison with the previous cases analysed, as more severe voltage dips occur and because the substation supplies greater fault currents. The worst case is that of double three-phase fault at the node C1 and B1. Actually, the retained voltage is equal to the 28% of the nominal value, while the fault current reaches 14.8 p.u.. However, as well as for the all the cases shown, the insertion of the device allows to the voltage to rise up to 98% of the rated value. The current is greatly reduced to 0.8 p.u.. It can be pointed out that the use of the FDD allows to cancel unbalancing of voltages. Considering for example the case of single-phase and two-phase faults, the voltages at the bars on the three phases are 0.49, 0.61 and 0.97 respectively. With FDD they became equal or very close to the nominal value.
Clearly the greatest reductions of voltage and the greatest increasing of fault currents occur when a three-phase fault are presence. With FDD insertion, the voltage is increased almost to the rated value (0.98% is the worst performance) and fault current are considerably reduced.
CONCLUSION
The capability of the FDD of mitigating voltage dips has been shown. The insertion of the device produces a rising of the bars voltage in case of balanced and unbalanced dips and in case of double faults of the same type and/or different types as well. It has also been shown that FDD is able to reduce the current supplied by the substation during the faults. A first prototype of the device has been realized in order to give an experimental validation of the performances of the device. An analysis of the experimental results will be shown in following papers.
